This study utilized physical and in silico experiments to confirm that geometric parameters are far 30 more influential in determining stalk strength than mechanical tissue stiffnesses.
Introduction 55
As plant stems grow, they must balance both their biological and physical functions (Badel 56 et al., 2015) . These functions are balanced based on their perceived need, leading to plant stem 57 systems that grow more or less depending on their experienced external abiotic stimuli (Moulia et 58 al., 2015) . As such, if plant stems do not properly acclimate to their wind-loading environment, 59 wind-induced bending can cause failure (Niklas and Spatz, 2012) . This problem is compounded 60 in bioenergy maize varieties, where stem digestibility often results in lower strength stems that are 61 more susceptible to win-induced bending failure. The three primary failure modes of grain stems 62 are compressive tissue failure at the outer fiber, transverse buckling, and longitudinal splitting 63 (Schulgasser and Witztum, 1992; Wegst and Ashby, 2007; Robertson et al., 2015a) . Mature dried 64 maize stems can exhibit all three failure modes, but compressive tissue failure and transverse 65 buckling are the most common (Robertson et al., 2015a) . 66 It is well known that a reduction in lignin causes crop tissues to be more easily digested for 67 biofuel production (Simmons et al., 2010) , but can also cause several wholistic agricultural 68 deficiencies (Pedersen et al., 2005) . In a previous paper, we reported that mechanical stresses 69 within the maize stalk were "much more sensitive to changes in physical dimensions than they 70 were to changes in the material properties" (Von Forell et al., 2015) . This suggested that changes 71 to stalk morphology could be used counteract the reduction in tissue properties, thus potentially 72 enabling crops that were both digestible and structurally robust. But that paper relied upon a 73 relatively limited set of computational models without direct empirical support and acknowledged 74 that further experimentation would be required to fully explore the mechanisms of stalk strength. 75 Multi-scale modeling can be extremely useful in developing a mechanistic understanding 76 of the causes and modes of failure of structural systems (Júnior et al., 2011) . A key challenge in 77 4 the multi-scale modeling approach with respect to structural systems is that the relationship among 78 parameters across the array of modeling length scales is not immediately obvious (Hufner and 79 Accorsi, 2009). Furthermore, the impact of parameters on the overall structural behavior of the 80 system is often obfuscated by the covariance of multiple parameters. Because of this, it can be 81 difficult or impossible to isolate the impact of individual parameters on the behavior of the stalk 82 through purely experimental/statistical approaches. Computational modeling and engineering 83 theory allow us to gain a deeper mechanistic insight into the failure modes of stalks while also 84 informing research between modeling length scales.
85
The purpose of this study was to test the ideas put forth in our 2015 paper by using both 86 physical and in silico experiments to more clearly determine the influence of the geometry and 87 material properties on the structural robustness of maize stems. Another previous study from our 88 research group identified relationships between morphological features of maize stems and their 89 bending strength (Robertson et al., 2017) . This study looks to expand on those two previous 90 studies with more detailed specimen-specific finite element models to broaden our understanding 91 of the effects of geometry and material properties on maize stem strength.
93

Materials and Methods
94
Overview of the process 95 This study involved three-point bending tests of maize stalk specimens and corresponding 96 specimen-specific in silico finite element experiments. Maize specimens approximately one meter 97 in length with low moisture content were tested in three-point bending according to a previously 98 described testing protocol (Robertson et al., 2015b) . Prior to testing, x-ray computed tomography 99 (CT) scans were performed. Specimen-specific finite element models were created from CT scan A previous study from our lab describes the scanning and testing of 980 maize stalk 108 specimens (Robertson et al., 2017) . The experiments and data collected in that study were used as 109 a starting point for this study. Results from previous studies indicated that the major diameter, 110 minor diameter, and rind thickness were the primary factors that influenced both flexural stiffness 111 and stalk strength (Von Forell et al., 2015; Robertson et al., 2017) . Furthermore, the values of 112 these factors in the internodal region of the stalk were most predictive of flexural stiffness as well 113 as overall strength (Robertson et al., 2017) . The major diameter, minor diameter, and rind 114 thickness in the internodal regions were therefore used as geometric parameters in this study.
115
Geometric and material sensitivities were assessed through the use of in silico experiments.
116
This approach was used because the measurement of material properties is very labor-intensive However, because the geometry of the maize stalk is complex and unique to each specimen, 123 the sensitivity of maize stalks to geometric factors was assessed using experimental data.
124
Regression analyses were used to determine the sensitivity of flexural stiffness and bending 125 strength to geometric factors derived from CT data of the corresponding stalks. be assumed to be immobile. As a result, the point of contact between the anvil and the stalk was 136 fixed in all 6 degrees of freedom. Although this constraint was required for model stability, it also 137 imposed rotational constraints. The resultant moments at the point of contact were found to be 138 negligible, thus indicating that this boundary condition did not adversely influence the validity of 139 the model.
140
All finite element models were developed in Abaqus/CAE 2016. The geometry was 141 meshed using 10-noded quadratic tetrahedral elements (Matthews et al., 2000; Hibbitt et al., 2016; 142 Simulia, 2016). The flexural stiffness analyses used a linear, full-Newton direct solver. The linear 143 buckling analyses used a subspace eigensolver. A more detailed description of the finite-element E'/10. These estimation rules were used only to obtain initial values for each parameter. As 157 described in the following section, parametric analysis was used to independently vary these 158 material properties for each specimen-specific in silico experiment. Prior sensitivity studies from 159 our research group (Von Forell et al., 2015; Stubbs et al., 2019) showed that the longitudinal and 160 transverse Poisson's ratios (ν', ν) of both the rind and the pith had no noticeable effects on model 161 behavior. As a result, these parameters were not varied in this study. geometric parameters. Each model was first analyzed with its own baseline material properties. 168 Next, 8 additional analyses were performed. In each of these cases, one of the 8 material properties 169 (E', E, G', and G for both rind and pith) was increased by 1%. Normalized sensitivity values were 170 computed for each material property using the same method described in a previous study from 171 our research group (Von Forell et al., 2015) .
172
Geometric sensitivities were obtained using the same equation, but using individual 173 specimens that were chosen in pairs to exhibit negligible differences in two of the primary 174 geometric parameters, but a significant difference (i.e. more than 7%) in the remaining parameters.
175
This approach relied upon geometric data extracted from the 980 specimens of the previous study, 176 and yielded one such pair for each of three geometric parameters, thus resulting in a sample size 177 of 6 specimen-specific models. To control for potential material interaction effects, all of these 178 models were assigned the same set of material properties.
179
For the linear buckling study, 12 specimen-specific finite element models were analyzed 180 for 9 material variation cases. For the flexural stiffness study, 11 specimen-specific finite element 181 models were analyzed for 9 material variation cases. As such, a total of 207 analyses were 182 performed. Each variable was first non-dimensionalized by its respective mean value. Due to high variance 191 inflation factors, univariate regression was performed between each predictor and response 192 variable for a total of 6 univariate regressions (each of which had n = 956 data points). parameters were consistently found to be more influential than any of the material parameters for 213 10 both analyses. The rind tissue properties generally had a larger impact on flexural stiffness than 214 the pith material parameters. Of the geometric parameters, minor diameter was the most 215 significant, major diameter was the second most significant, and rind thickness was the least 216 significant.
217
The mean sensitivities for each material parameter are shown in Figure 4 approaches that geometric factors have a strong influence on bending stiffness and bending 242 strength of maize stalks, with material properties having a much lower influence.
243
A 2015 study from our research group obtained similar rankings as those presented above 244 (Von Forell et al., 2015) . However, the results in this study are more robust for several reasons.
245
First, the models used in this study were thoroughly validated against experimental data (the 246 models in the previous study were not). Second, this study used a broader sample of model 247 geometries and used geometric factors that were more representative of the actual maize 248 morphology (the previous study used a fairly limited geometric sampling). Thirdly, this study used 249 a transversely isotropic material model for the pith tissue (as opposed to the isotropic model used 250 in the prior study). Finally, and perhaps most importantly, the structural response of interest in 251 (Von Forell et al., 2015) was maximum bending stress, not the critical buckling load or flexural 252 stiffness. But in spite of these differences, both studies identified geometric features as most 253 influential and the minor diameter as the most influential geometric parameter. This provides 254 further support for the generalization that the strength of maize stalks is primarily determined by 255 morphological features, with mechanical tissue properties having a relatively weak influence on 256 stalk strength.
257
However, more work will be required to understand the specific modes and mechanisms 258 of failure in maize stems to better understand which continuum mechanics theories best predict 259 the behavior and failure of the system. In particular, more work needs to be done to quantify how 260 these relationships change with irregular morphologies and the details of how the pith influences 261 stalk strength.
263
Connections with structural engineering 264 To better understand the mechanisms behind maize stem failure, we can compare these will be necessary to provide further insights into issues such as the onset of buckling, and the 294 role of tissue failure. But the trends shown above are unlikely to be affected in a major way.
295
In performing parametric sensitivity analyses, significant mechanistic insight into the system 296 can be achieved. This method allows us to rank order each parameter by its individual effect on 297 each complex phenotype or failure mode of the system, a task that is often impractical through 298 experimentation of specimens with unknown material properties and complex geometries. It 299 should be noted, however, that this approach is limited by the fact that these hypotheses drive Stalk morphology has a much greater influence on the structural robustness of maize stalks 311 than material stiffnesses. The major and minor diameters were found to be the most influential in consistent with other studies in the literature, though most studies indirectly address the 318 difference in sensitivity between these parameter categories. (Schulgasser and Witztum, 1992; 319 Wegst and Ashby, 2007; Stubbs et al., 2018; (Maranville and Clegg; Von Forell et al., 2015; 320 Robertson et al., 2016 320 Robertson et al., , 2017 Stubbs et al., 2018) .
321
This study provides clear evidence in support of the idea that deficiencies resulting from 322 targeted reductions in organic polymers (such as lignin) may be counterbalanced by adjusting stalk 323 morphology. Drawing on state-of-the-art techniques from two disciplines, plant scientists and 324 engineers could work together to design a crop stalk architecture that would enable first/second 325 generation biofuel production: crops that are high yielding, structurally robust, and whose biomass 326 is readily converted to biofuel. All authors were fully involved in the study and preparation of the manuscript. The 331 material within has not been and will not be submitted for publication elsewhere. 
